A household nitrogen mass balance is estimated for various wastewater systems.
impact tourism, a major local industry. To reach nutrient targets, set as total maximum daily loads (TMDLs), controllable nitrogen loads must be reduced by as much as 83% in some sub-basins; "septic system sources of nitrogen are the largest controllable sources" in Falmouth, so improving household wastewater management is crucial (Commonwealth of Massachusetts Executive Office of Energy and Environmental Affairs et al., 2007) .
Literature detailing the flow of nitrogen through households and municipal wastewater systems is scant, even though as much as 63% of nitrogen entering sensitive coastal systems in the northeastern U.S. comes from sewage wastewater (Howarth, 2008) . Existing literature primarily focuses on the sources and paths of nitrogen flowing through the environment outside of the household sphere (Gottschall et al., 2009 , Hong et al., 2013 , Liptzin and Dahlgren, 2014 , Pelletier and Leip, 2014 and Xue and Landis, 2010 , and on the consequences of nitrogen pollution in waterbodies (Dodds et al., 2009 , Hernández-Sancho et al., 2010 , Pretty et al., 2003 and Van Grinsven et al., 2013 . Some literature is dedicated to the flow of nitrogen through conventional municipal wastewater treatment at the system scale (Charles et al., 2003 , Kampschreur et al., 2009 and Short et al., 2014 . Baker et al. (2007) detail nitrogen flows at the household level including various nitrogen-containing streams other than wastewater, such as lawn fertilizers and vehicle emissions, but the study does not further disaggregate sewage streams for the consideration of alternative wastewater treatment technologies.
Alternative treatment technologies may play important roles in mitigating nitrogen pollution. In addition to centralized solutions such as large wastewater treatment plants (WWTPs), there are satellite or cluster solutions that typically treat neighborhoods rather than whole towns, and decentralized solutions such as septic systems that are installed on each property where waste is produced. Conventional centralized treatment with gravity sewers (referred to collectively as "centralized treatment") is often assumed to be the best or only viable alternative to problematic septic systems, but centralized systems are expensive. In Falmouth, for example, estimated centralized system costs led the town to consider alternative treatment options ( Cape Cod Commission, 2013) .
Literature on cluster and decentralized wastewater treatment systems primarily focuses on aspects other than the flow of nitrogen. For example, energy implications (Remy and Jekel, 2011 and Xue et al., 2014) and nutrient recovery potential (Meinzinger, 2010 and Vinnerås, 2002) are explored. Hill and Baldwin (2012) consider the advantages of vermicomposting over other methods for composting toilet waste. Studies on the costs of alternative treatment systems (Kinstedt, 2012 and Wang, 2014) complement the body of literature on the costs of centralized wastewater treatment (Hardisty et al., 2013 , Rehan et al., 2011 , Rehan et al., 2013 , Rehan et al., 2014a and Rehan et al., 2014b Termes-Rifé et al., 2013) .
Decision makers seeking to implement nitrogen mitigation strategies need information on the nitrogen mitigation potential of a range of technological options along with the costs and other implications of these technologies, many of which have not been deployed in the U.S. beyond isolated test cases or remote locations lacking infrastructure. Studies on the watersheds of Narragansett Bay, RI (Industrial Economics, 2012 and U.S. Environmental Protection Agency. (n.d.),) and Chesapeake Bay, MD (Chesapeake Bay Commission, 2004 , Chesapeake Bay Program, 1997 and Nutrient Reduction Technology Cost Task Force, 2002 have combined cost and nitrogen data on large scales, focusing on agricultural fertilizers and wastes and conventional wastewater treatment options. A Barnstable County (MA) Wastewater Cost Task Force (2010) has similarly examined the costs and nitrogen mitigation potential of a few treatment systems at the scale of the county. Meinzinger (2010) considers a wider range of treatment technologies, including alternative management of rainwater and organic solid wastes, along with the cycling of nutrients from an urban area to fertilize enough agricultural land to supply that urban population with food.
In the current study, we examine both household nitrogen flows and the total system costs of a variety of municipal wastewater treatment technologies to further inform decision makers considering unconventional wastewater treatment technologies. We focus on the cost-effectiveness of nitrogen removal and life cycle costs as part of a larger project that also examines the emergy, global warming, and pathogen implications and system resilience (Schoen et al., 2014 and Xue et al., 2014) . We use the household scale as "a socially 1.
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common in the U.S., along with options that are currently widespread or gaining popularity. We apply our cost and nitrogen models to Falmouth, MA as a case study of a coastal U.S. town facing a nitrogen pollution problem. We address two key questions:
What are the total costs, nitrogen mitigation potential, and cost-effectiveness of a range of conventional and alternative municipal wastewater treatment technologies?
What uncertainties influence these outcomes and how can we improve our understanding of these technologies?
2. Methods 2.1. Technology selection and nitrogen management Table 1 shows the technologies included in the analysis. With the exception of centralized collection and treatment (WWTP) and advanced septic systems (innovative/advanced, or I/A, septic), the technologies listed in Table 1 do not treat all household wastewater streams: urine, feces, and greywater (effluent from sinks, showers, clothes washers). To manage all of these streams, discrete technologies were assembled into the combinations indicated in Table 1 . As summarized in the table, greywater can be managed using either a conventional septic system or an on-site treatment system that allows for reuse as nonpotable water, which we call a greywater recycling system. Any nitrogen remaining within the watershed after treatment may eventually contribute to the pollution problem through stormwater runoff or atmospheric deposition. We thus consider a kilogram of nitrogen "mitigated" when it is physically removed from the watershed. This can occur through active transportation of wastes or biochemical conversion to inert N 2 gas, a harmless component of Earth's atmosphere. The paths by which nitrogen may remain in the watershed after treatment include atmospheric deposition of reactive volatiles and release of nitrogen-containing liquid effluents directly into the watershed. A small percentage, around 3-8%, of nitrogen in household wastewater resides in the greywater stream (Leal et al., 2011 and Meinzinger, 2010) ; because this is a small contribution and because our focus is on managing household sewage, the nitrogen content of greywater and the nitrogen mitigation potential of greywater management technologies are outside the scope of this paper.
Most nitrogen flow values are reported as milligrams per liter (mg/L): these concentrations refer to conventional wastewater diluted by flush water from a standard toilet. However, the amount of nitrogen excreted by humans is typically reported as a mass per time and for some of the technologies considered here the dilution volume will vary while for others, namely composting toilets, it is nonsensical to discuss an aqueous concentration of nitrogen. We therefore converted flows of nitrogen given in mg/L to flows in kilograms per person per year (kg c −1 y −1 ), using as the dilution volume the amount of water used by a household with standard flush toilets (U.S. EPA, 2014).
For this analysis, we draw from disparate studies that partially characterize household flows to estimate a complete mass balance of nitrogen for our alternative technologies. Meinzinger (2010) and Baker et al. (2014)).
In the absence of empirical values for discrete nitrogen flows, we used mass balance calculations to find the quantities of nitrogen in compost and urine collected from eco-toilets and the quantity of N 2 that volatilizes during treatment at a WWTP. Our assumptions about volatilization of nitrogen include (1) no nitrogen compounds other than ammonia will volatilize from collected compost or urine during storage, transport, or treatment; (2) ammonia volatilization from stored urine is independent of the time of storage and so can be conceptualized as occurring entirely during the storage phase (not the transport phase); (3) the volatilization of ammonia from stored compost from composting toilets is the same as from stored urine; (4) 100% of volatilized reactive nitrogen compounds will be re-deposited within the watershed (base case); and (5) there is no volatilization of any nitrogen compounds in pressure or vacuum sewers, because these are designed to have no headspace (completely full pipes) and thus there is no opportunity for volatilization. Negligible to no N 2 volatilizes during composting and urine diversion, due to lack of anaerobic conditions needed for denitrification, nor from blackwater digestion (Baek and Pagilla, 2006 , Gallagher and Sharvelle, 2010 and Lin et al., 2013 , thus nitrogen is mitigated in these systems by physical removal from the watershed, which we assume is achieved by truck transportation.
Both WWTP and I/A septic system technologies mitigate nitrogen primarily by converting it, through biochemical processes, to N 2 . However, both treatments also produce nitrogen-containing residuals: solids in a treatment plant or sludge that is pumped from septic tanks, including those paired with flush diversion toilets. We assume that solids and septage are incinerated, landfilled, or potentially used for agriculture outside the watershed. This assumption is based on current practice in Falmouth, in which the existing treatment facility collects sewage from 4-6% of homes and also accepts septage: the septage is nominally dewatered before being combined with solids from wastewater treatment and sent to an incinerator out of state and outside the watershed (Potamis, 2014).
Finally, we assume no other leakage or loss of nitrogen from any wastes during storage, transport, or treatment. The validity of this assumption may be a fruitful avenue for future research, particularly considering potential losses during unusual circumstances such as power outages and floods, as well as leakage from aging conventional sewers (Guérineau et al., 2014) . The possibilities for operators' errors leading to nitrogen leakage into the watershed may also be an important point to consider in the future.
We use sensitivity analysis to address the uncertainties in the underlying data and assumptions. We vary the per capita input of nitrogen to the wastewater system according to ranges found in literature (Kelsay et al., 1978 , Liu et al., 2014 . We vary the amounts of nitrogen remaining in the watershed after treatment due to atmospheric deposition of volatiles and release of liquid effluent into the watershed by plus and minus 50% of the base case values. The nitrogen mitigation potential of each system is calculated from these ranges, according to Equation (1), providing a range of mitigation values for each system.
where N input is the amount of nitrogen in human waste, volatile N is the amount of nitrogen in reactive volatiles that may redeposit within the watershed, and N in liquid effluent refers to liquid effluents released into the watershed. We calculate the low case mitigation value using the low case for input and the high cases for volatiles and liquid effluents; we calculate the high case mitigation value using the high case for input and the low cases for volatiles and liquid effluents. Thus N mitigated by technology is a measure of how much nitrogen the technology removes from the watershed, not a measure of how effectively it meets mitigation goals.
A summary of all assumed nitrogen flow base case values, ranges, and references can be found in the supplementary information.
Total cost and cost effectiveness analysis
For each technology option, capital and operating cost data were assimilated to estimate equivalent annual costs per typical household as shown in Equation (2) (Whitman and Terry, 2012) .
EAC is equivalent annual cost; capital and O&M are capital and O&M costs, respectively, of each component of the technology package; q is the number of installations per household of the component; i is the discount rate or interest rate; and L is the service lifespan of the component. In all cases we assume that the technology has no salvage value and that costs do not increase over time. We do not explicitly consider the possible costs associated with significant failures of any of these systems.
(1)
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We calculated cost-effectiveness (CE), or dollar per kilogram of nitrogen mitigated, according to Equation (3).
We calculated costs both on a per-household basis and scaled to Falmouth's wastewater service area, using sensitivity analysis to examine uncertainty in our assumptions. For our base-case model, we assume each existing household has two conventional toilets serviced by a conventional septic system. We assume all technology swaps occur in "year 0" or immediately. We consider discount rates of 3%, 5% (base case), and 7% (National Center for Environmental Economics, 2010). The sources and assumptions underlying all other cost estimates are given in Table 2 . 
Total cost and cost-effectiveness
For a typical household, we couple the equivalent annual cost estimates (see Equation (2)) with the mass balance estimate in Fig. 1 to estimate the cost-effectiveness of N mitigation. We differentiate between new construction and retrofits of existing homes: existing homes have wastewater systems in place that can be used with some technologies but must be modified or replaced if other technologies are installed, while newly constructed homes will need entirely new systems installed regardless of technology choice, leading to modeling differences in capital costs between the two scenarios. We considered two retrofit cases: a usable existing septic tank and an existing septic tank in need of replacement. For I/A septic systems, the costs for both usable and failing existing septic systems are within the cost range used in the sensitivity analysis. Fig. 2 shows cost and cost-effectiveness on a per household basis. In all cases, the preferred technology -least expensive and most cost-effective (least cost per kilogram of nitrogen mitigated) -is the flush diversion toilet, followed by the dry diversion toilet with conventional septic system for greywater. Composting toilets with conventional septic system are third best in all cases, though I/A septics are very similar in cost for new construction and retrofits of homes with failing septic systems.
Blackwater digestion is the most cost-effective option after eco-toilets.
Several technologies are clearly unfavorable. The most expensive and least cost-effective option in all cases is the centralized WWTP. The pairing of a greywater recycling system with any treatment option is always more expensive than a conventional septic system paired with the same treatment technology.
We scaled the per household results in Fig. 2 to Falmouth's wastewater service area assuming 20% of the homes have failing septic systems, according to data for Massachusetts (U.S. EPA, 2002). Fig. 3 shows the results for the entire service area, incorporating this assumption. At this scale, the preferred options are still the flush diversion toilet and the dry diversion toilet with conventional septic systems for greywater management. The next least expensive and most cost-effective technology is compost toilet systems with conventional septic treatment of greywater. Blackwater digestion is still the most cost-effective option after eco-toilets. Existing Septic Systems are Failing. EAC is equivalent annual cost; CE is cost-effectiveness; New is new construction; Retrofit is retrofits of existing homes, including those with usable septic tanks and cases in which the existing septic tank is irrelevant;
Retrofit (Failing) is retrofits of existing homes with failing septic tanks that must be replaced. Error bars show cost range from sensitivity analysis (see 3.3 Sensitivity Analysis for more detail).
Sensitivity analysis
For our sensitivity analysis, we include here (Fig. 4) only a few illustrations of key points in the uncertainty of equivalent annual system cost and cost-effectiveness. Additional sensitivity analysis can be found in the supplementary information. In all cases, nitrogen mitigation is the most uncertain factor in determining cost-effectiveness of a system; for digesters paired with greywater recycling, the O&M cost for greywater recycling is as uncertain as nitrogen mitigation. In all systems incorporating greywater recycling, the capital and O&M costs for greywater recycling are two of the three greatest sources of uncertainty in the cost of the system (e.g., Fig. 4C ). In all retrofit cases employing septic systems, the septic cost is the first or second most important factor affecting uncertainty in system cost (e.g., Fig. 4B, D) . The least uncertain factors in all cases are, as applicable, the cost of water supply, the cost of decentralized monitoring, and the cost of removing existing toilets before installation of eco-toilets or vacuum toilets.
The discount rate's most prominent role is in the equivalent annual cost of the WWTP (Fig. 4A) , followed by its role in the cost of both types of diversion toilet and the blackwater digester paired with conventional septic. For other systems, the discount rate does not contribute to the overall uncertainty as much as other factors (e.g.,
Fig. 4B, C, D).
Some options are clearly more expensive than others, even accounting for uncertainty. Over their entire cost ranges, the WWTP is more expensive than any eco-toilet or blackwater digester paired with a septic system for greywater treatment, except in the case of blackwater digestion paired with an existing septic system that is failing and needs replacement, which at its most expensive is similar in cost to a WWTP at its least expensive. In the lowest cost case, the WWTP is about the same cost as I/A septic is in the highest cost case.
Similarly, compost toilets or digesters paired with greywater recycling at their least expensive are more costly than, or about the same cost as, the most expensive case for flush and dry diversion toilets paired with septic systems in new construction, and any eco-toilet paired with a usable existing septic tank in the retrofit case.
Also in the retrofit case, a flush diversion toilet paired with a usable existing septic system is always cheaper than a dry diversion toilet paired with a greywater recycling system and about the same as or cheaper than a blackwater digester paired with a septic system.
There are fewer mutually exclusive ranges of cost-effectiveness. The WWTP at its most cost-effective (lowest dollar per kilogram of nitrogen mitigated) is less cost-effective than the entire cost-effectiveness range, in the new case, for flush diversion toilets and dry diversion toilets paired with septic systems; in the retrofit case the WWTP is less cost-effective than any eco-toilet or a blackwater digester with a usable existing septic tank, and flush and dry diversion toilets paired with failing existing septic systems.
Discussion
In all cases, we found that the most cost-effective alternatives for mitigating nitrogen are decentralized systems, paired with conventional septic systems as necessary. Sensitivity analysis shows that a WWTP is in no case the preferred option, with centralized systems being at least $40 more per kilogram of nitrogen mitigated than flush diversion toilets, assuming conservative ranges for model inputs, and at best equally cost-effective as the worst-case scenario for other eco-toilets. Sensitivity analysis also shows that flush and dry diversion toilets, paired with septic systems, are preferred in most cases, with other decentralized systems presenting potentially viable options. According to our results, decentralized options paired with greywater recycling systems are generally not as attractive as other options, including short-run reductions in potable water costs associated with greywater recycling. The relative appeal of I/A septic systems is heavily dependent on the cost and the nitrogen mitigation of the specific system installation.
Centralized WWTPs and sewer networks are very expensive in Falmouth, MA, where housing density is relatively low and a coastal geography increases costs. In Falmouth, it might be feasible to sewer certain portions of the town where housing density is currently higher, while employing decentralized technologies in other areas. However, without a highly efficient nutrient reduction technology, ocean discharge may still be problematic. We found that when decentralized technologies are implemented, pairing them with greywater recycling systems increases the package cost without adding nitrogen mitigation benefits, making conventional septic systems preferable for greywater management. However, some homeowners who choose to install decentralized systems may also choose to recycle their greywater to reap environmental benefits other than nitrogen mitigation, so understanding the costs of these systems can be useful. In addition, decision-makers could allow individual homeowners to choose which of several decentralized options they prefer to install. Homeowners could install eco-toilets independent of their neighbors' choices; neighborhoods could collectively elect to install blackwater digestion systems. This freedom of choice might also increase acceptance of technological change, whereas a narrow mandate might meet some resistance.
Eco-toilets are currently uncommon in U.S. homes, and homeowners may be resistant due to real and perceived operation and maintenance differences relative to conventional toilets. Flush diversion toilets have the advantage of allowing all waste to be stored outside the home, in buried tanks, but they still require "aiming" in the toilet. Blackwater digestion systems operate with vacuum toilets, which offer a similar user experience to standard toilets. I/A septic systems are almost the same as conventional septic systems from the homeowner perspective. For owners considering the future resale value of their properties, more familiar, easy to use toilet systems may be more appealing than novel technologies.
Technologies that allow for resource recovery -both nutrients and biogas -may become more attractive but costs and benefits become less certain. Sale of compost as fertilizer is one of the easier benefits to quantify, since biosolids from wastewater treatment are already included in commercially available products in the U.S.: we estimate the benefits of selling compost to range from about $10 to about $200 per year, per household. Regulations governing the sale of other waste-derived products are currently immature but a market for recovered resources may alter the decision context in the future.
Other uncertainties that might benefit from further research include household nitrogen flows, mitigation potential of technologies, and cost increases over time, particularly for water and energy. Further work could also improve our understanding of what discount rates are appropriate given anticipated householder preferences and potential financing strategies (e.g., municipal bonding, rate financing) and incentives for adoption (e.g., rebates, rate reductions). If monetary incentives were used for decentralized technologies, then individual discount rates should be used to model technology adoption at the household level and municipal discount rates should be used to model public financing. This could affect the technology adoption rate and ultimate penetration rate, and thus the net cost-effectiveness. The cash flow implications may similarly influence selected technologies. A new WWTP would cost about $1.1 billion in short-term financing.
If a decentralized system were chosen, the cash could be spread over a longer time period, reducing the burden of short-term financing.
In any implementation of novel technologies, it is important to remember that there might be unintended or unanticipated consequences. For example, if all homes installed composting toilets and thus drastically reduced their water consumption, the water supply utility might see reduced revenues, increased water age in distribution systems, and other possible effects. Treatment might become less efficient on a per-unit basis, even while becoming more sustainable overall. As with a centralized WWTP, the cost-effectiveness and other measures of efficiency of a centralized potable water utility depend on the local housing density. Researchers exploring these new technologies should do our best to anticipate possible direct and indirect consequences of their use, but we must also watch closely as these technologies are implemented to observe what we could not anticipate.
The ultimate driver in Falmouth, MA and other similarly affected areas is to avoid eutrophication of surface waters. Thus an ideal measure for our study would be technology life cycle cost per eutrophication potential;
however, the fate and transport modeling required to support such an analysis is outside the scope of this study. A model that integrates fate and transport with the engineering economic assessment performed herein for a wider array of nitrogen management alternatives would be a powerful tool for eutrophication mitigation.
Conclusions
We develop a mass balance of nitrogen flow through households and estimate the cost-effectiveness of 
